Promising findings from genetic association studies are commonly presented with two distinct figures: one gives the association study results and the other indicates linkage disequilibrium (LD) between genetic markers in the region(s) of interest. Fully interpreting the results of such studies requires synthesizing the information in these figures, which is generally done in a subjective and unsystematic manner. Here we present a method to formally combine association results and LD and display them in the same figure; we have developed a freely available web-based application that can be used to generate figures to display the combined data. To demonstrate this approach we apply it to fine mapping data from the prostate cancer 8q24 loci. Combining these two sources of information in a single figure allows one to more clearly assess patterns of association, facilitating the interpretation of genome-wide and fine mapping data and improving our ability to localize causal variants. 
INTRODUCTION
Genome-wide association studies have recently succeeded in identifying multiple genetic variants that underlie a number of human diseases. A typical genetic locus identified in these studies contains numerous variants which are significantly associated with the disease of interest. It is often difficult to determine which of these variants provides the strongest evidence of association because of correlation between variants due to linkage disequilibrium (LD). To address this problem, authors have reported both association results and LD maps using two adjoining figures; in general, Àlog 10 P-values are displayed for the association between disease and each single nucleotide polymorphism (SNP) in the region, and below that a map of pairwise LD between SNPs in the same region [Amos et al., 2008; McPherson et al., 2007; Scott et al., 2007; Weedon et al., 2007; Winkelmann et al., 2007; Yeager et al., 2007] . We show an example of this type of figure using fine mapping data of the prostate cancer 8q24 region from a study by Haiman et al. [2007] in Figure 1 . Figure 1a depicts the association P-values for SNPs in the region, while Figure 1b shows the LD structure.
Two problems arise with this type of display. First, because association is a single measure while LD is a pairwise measure, it is difficult to line up the results of each figure. Second, it is not clear how the two measures are related. For example, a marginally significant SNP marker may not have a significant association signal once LD with other associated SNPs is taken into account. Both of these problems can be addressed by combining the association study test results with the LD information and displaying them in the same figure. Below we describe a method and a freely available web-based software tool that can be used to combine association and LD data in the same figure.
METHODS
Assume one is interested in the association between two neighboring SNPs (SNP 1 and SNP 2 ) and a particular phenotype. The standard association approach would simply estimate the marginal association between the genotypes at each SNP and the phenotype (e.g., a w 2 -test statistic and corresponding P-value). One can also measure the pairwise LD between SNP 1 and SNP 2 using r 2 [Devlin and Risch, 1995] . It is possible then to calculate the expected w 2 for SNP 1 conditional on the observed w 2 for the SNP 2 and the r 2 between the two markers: values are simply the observed association signals for SNP 1 and SNP 2 , because r 2 is 1 for any SNP and itself. One can display the four corresponding Àlog 10 P-values in a two-dimensional heat map. This method can be expanded to display a large number of SNPs in a genomic region. The resulting figure provides information about the strength of association signals in the region (on the diagonal) and correlation of association signals due to LD (off-diagonal elements).
APPPLICATION
We illustrate the strength of this approach with an example plot that utilizes the data from the fine mapping study of Haiman et al. [2007] of the prostate cancer 8q24 region in an African-American sample, along with information on LD in the YRI population from the HapMap (Fig. 2) . The location of SNPs in the sample data is represented from most proximal to most distal from left to right on the x-axis and from top to bottom on the y-axis. In this example, there are several strong association signals or ''hotspots'' that can be readily identified by the intensity of warmer colors on the diagonal of the matrix (Fig. 2a) . The SNPs with the strongest association signals are labeled to the right of the figure, and the SNP with the strongest overall signal is highlighted in red.
This method provides a way to display association signals and LD together, and it also allows for the visual identification of association signals that can be explained entirely due to their correlation with other associated loci. A second locus provides an example of a signal at one location that may be driven by its correlation with neighboring SNPs (Fig. 2b) . Focusing on the top left quadrant, a cluster of positive association signals can be identified by visual inspection of the heat map; two local peaks of association are indicated by hotspots on the diagonal. In addition, warm colors appearing off the diagonal indicate that the SNP in that row is expected to have a positive association signal due to its correlation with SNPs in the corresponding columns.
For the first association peak, the off-diagonal elements in the corresponding rows (to its right in the figure) reach a tepid green in the columns that correspond to the second association peak. This indicates that a modest association signal with those SNPs would be expected solely due to their correlation with SNPs in the second peak. For the second hotspot, the off-diagonal elements in those rows (here, to the left) reach a hotter orange, indicating that a strong association signal would be expected solely due to the correlation of those SNPs with SNPs in the first hotspot. Because the first association signal appears hotter than its expected conditional association signal and the second association signal does not appear hotter than its expected association signal, this suggests that the association signals seen here are due to SNPs in the first hotspot, and that the signal at the second hotspot is most likely due to correlation with SNPs in the first hotspot. The algorithm used for labeling top SNP signals utilizes this information to display the rs numbers of the top SNP signals (see the Appendix).
DISCUSSION
Our method for displaying genome-wide association results and LD in the same figure has several advantages over other methods of display. First, it provides a clear picture of the relative strength of association signals in a specific region of the genome. Second, it allows for the visualization of the effect of LD between neighboring SNPs on their observed association signals. This can help localize the source of a particular association as well as identify multiple independent associations in a single region such as those that exist in the prostate cancer 8q24 region.
To implement this method, we have developed software that can effectively handle dense genotype data using a simple file input format, and we have made it available on our web site. Investigators can tailor their individual plots by adjusting a number of options to best display their data. In addition to utilizing LD information from the HapMap, one can also use LD information from the study itself. This can provide potentially more accurate estimates of LD, especially for populations that are not well represented by the HapMap populations. Finally, users can also upload the results of association analyses that adjust for the effect of neighboring SNPs. Association results for individual SNPs can again be represented on the diagonal of the matrix, while adjusted results can be represented in the off-diagonal. These types of analyses can address concerns about potential bias in LD estimates in small samples [ Terwilliger and Hiekkalinna, 2006; Thomas and Stram, 2006] . For meta-analyses, such data are often unavailable, and the method described in this paper can be applied.
As the volume of genomic data is rapidly increasing, tools that can help researchers visualize, understand, and interpret this large-scale association data are needed. Our method addresses this need by synthesizing information on association analyses and LD. Ultimately, this tool can help clarify the patterns of association observed, facilitate the interpretation of genomic data, and improve our ability to localize causal variants. 
WEB RESOURCES

APPENDIX
We describe a method to combine information on association and LD and display them together in the same plot. The goal of displaying information in this way is to determine which SNPs have the strongest evidence for association and which association signals exceed the signal expected due to the association of surrounding markers. To do this, we can use the test of association for each marker and a pairwise measure of LD between markers.
For a case-control study with a sample of size N, we can measure the association between the locus, with alleles A and a, and disease using a w 2 -test:
wherep DA is the frequency of allele A among cases,p CA is the frequency of allele A among controls, N is the total sample size, f is the proportion of the same, that is, cases, andp A is the frequency of allele A in the total sample. Similarly, a test between a second locus, with alleles B and b, and disease is
The distribution of the w 2 statistic is approximately the square of that of a normal random variable, Z. The expected value (mean) of Z for locus 1 is
and for locus 2:
If q AB is the probability that a chromosome carrying the A allele at the first locus carries the B allele at the second locus and similarly q aB is the probability that a chromosome carrying the a allele at the first locus carries the B allele at the second locus, then
is equivalent to
As noted by Pritchard and Przeworski [2001] , since the pairwise LD measure r 2 between loci 1 and 2 is
this is equivalent to
Therefore, the expected value of Z for locus 2 due to association at locus 1 is Because the top association signals in our example are clear from scanning the figure, and can be easily gleaned by examining the association results themselves, we label a subset of SNPs on the y-axis of the figure when they meet two criteria: first, being in the top strata of association signals of n SNPs in the region of interest, where the default value is Threshold ¼ max We also provide a user option to specify a threshold.
Of the SNPs that pass the first criteria, we label those meeting or exceeding the expected association signal due to any neighboring SNP as Finally, we note that our example association test compares differences in allele frequencies across groups, as is commonly reported in the literature, and not genotype frequencies. Allelic association tests are confounded with deviations from Hardy-Weinberg equilibrium [Sasieni, 1997] , and several other tests have been shown to be more powerful than allelic association tests [Matthews et al., 2008; Zhang et al., 2008] .
